Differential use of each hemisphere of the brain for specif ic tasks is a widespread phenomenon that appears to have arisen in the early history of tetrapod lineage. Despite a high degree of conformity in the development of lateralization among the tetrapods, some variation exists. The mechanisms underlying this variation remain largely unresolved. We exposed f ish from regions of high and low predation pressure to a series of visual experiences, including viewing an empty compartment, a novel object and a live predator. Fish from each region differed in their preferential use of each eye to view the scenes. For example, f ish from high predation regions viewed a live predator by using their right eye, whereas f ish from low predation sites showed no eye preference. These results suggest that the degree of lateralization varies between populations of the same species that have been exposed to different ecological/evolutionary pressures.
INTRODUCTION
Differential use of either side of the brain in a variety of cognitive functions (lateralization) was once thought to be unique to humans, but has now been traced to the very routes of the tetrapod lineage. Preferential eye use is ubiquitous among birds, reptiles, amphibians and fish (Deckel 1995; McKenzie et al. 1998; Sovrano et al. 1999; Dadda et al. 2003; see Andrew 2002 for a review). Current theories suggest that lateralization initially arose in response to the development of laterally placed eyes with little binocular overlap in the visual field and complete decussation at the optic chiasma. Lateralization persists today even in animals that have strongly binocular vision, suggesting that it conveys some selective advantage.
There have been several approaches to investigate lateralized behaviour in fish, all of which reveal consistent results (Facchin et al. 1999) . The most commonly adopted approach is the 'detour test' where subjects are required to swim down a corridor as they approach an open field and detour to the left or the right to view a scene partly obscured behind an obstacle. When the scene consists of a shoal of the opposite sex or a predator, most individuals show a preference to turn to the left thereby using the right eye to fixate on the scene. When fish are faced with a shoal of individuals of the same sex, or if the detour barrier causes them to lose sight of the stimulus goal, they turn to the right . Furthermore, lateralization is enhanced in females viewing a shoal of males if they have been deprived of male contact for two months (Bisazza et al. 1998) .
A second approach is to record the angle at which fish view objects. Miklosi et al. (1997) reports that zebrafish use the right eye to inspect novel scenes but swap to the left eye on subsequent viewing. When mosquito fish, Gambusia holbrooki, are placed in a round arena with a predator in the middle they tend to swim in a clockwise direction, enabling them to fixate on the predator with the right eye (Bisazza et al. 1997) . When their mirror image is on the left side, mosquito fish are more likely to inspect predators than when a mirror is placed on their right . Likewise, female poeciliids tend to fixate on conspecifics using the left eye (Sovrano et al. 1999) . Male mosquito fish can also be induced to fixate on shoal mates with the left eye but only shortly after capture in a net when the motivation to shoal is highest (Sovrano et al. 1999) . Taken together, these results indicate that the preferential use of either eye is not necessarily fixed even with an individual. However, stimuli resulting in an emotive response generally cause fish to view them using the right eye whereas other scenes are generally observed using the left eye (Bisazza et al. 1998 ).
There appears to be intriguing variation between species within the family Poeciliidae in the propensity for lateralization (Bisazza et al. 1997 ) and more widely among other families (Bisazza et al. 2000) . Eye preference within a population is not absolute, rather a bell curve (shifted to the left or right) of the tendency use each eye exists (Facchin et al. 1999) . One possible benefit of this variation is that it may prevent predators from guessing from which side prey are likely to approach or flee. Additionally, variation in eye preference would enable both predator and social fixation to be optimized within a shoal (Rogers 1989) . This notion is supported by theoretical models exploring situations where groups of asymmetrical organisms must coordinate their behaviour (Ghirlanda & Vallortigara 2004) . Although there is no evidence of population variation in lateralization due to geographical distribution of predators, this remains a tantalizing possibility. Left-side bias has been observed in the Mauthner neurons in goldfish (Moulton & Barron 1967) , which is associated with the fast start anti-predator response. Lateralization of trunk muscle volume and predictable lateralized anti-predator responses, have been observed in other species (Cantalupo et al. 1995; Heuts 1999) . There are documented cases where laterality fluctuates over time because of predator-prey interactions owing to frequencydependent selection (Takahashi & Mori 1994) . It follows that lateralization with respect to viewing of predators ought to fluctuate between species (Heuts 1999; Bisazza et al. 2000; Vallortigara 2000) and between populations of the same species that have been exposed to differing levels of predation pressure.
We exposed poeciliid fish from regions of high or low predation pressure to a test consisting of a control (an empty compartment), a novel object or a live predator placed behind a clear Perspex screen and determined which eye the fish relied on to view each scene. We proposed that fish from high predation areas view predators with their right eye and the novel and control scenes with S456 C. Brown and others Lateralized eye use in Brachyraphis episcopi the left eye. Fish from low predation sites were expected to view all three scenes with their left eye.
MATERIAL AND METHODS
Fish were collected from four streams that run independently into the Panama Canal. Each of these streams contains a barrier waterfall. Above these falls only two species exist: the poeciliid Brachraphis episcopi and killifish Rivulus brunneus. Below the falls a full complement of the fish fauna exists, including a multitude of predators (see Brown & Braithwaite 2004 for further details). We collected B. episcopi from high and low predation regions in each of the four streams. The fish were transported to the University of Edinburgh where they were housed in standard 90 cm × 30 cm × 30 cm aquaria. The benthos comprised river gravel, and filtration was achieved by use of a power filter. The fish were fed once a day using commercial flake food with occasional live food supplements. Lighting was provided by overhead fluorescent tubes maintaining a 12 L : 12 D cycle and room temperature was maintained at 26°C.
The test apparatus consisted of an aquarium of identical size to that of the housing tank. At one end of the tank, a clear Perspex partition was placed. Directly behind this clear partition a second opaque partition was positioned so that it could be raised and lowered by means of a remote pulley. The partitions were located 20 cm from the end of the aquarium.
Four female fish were removed from a housing tank chosen at random, placed in the experimental tank and allowed to adjust to the new surroundings. Each group was then exposed to three treatments; an empty compartment ('control'), a live blue acara cichlid (Aequidens pulcher-'predator') and a large cross, made out of two sheets of bright green plastic ('novel object'). The treatment order was randomized and we allowed a 5 min rest interval between exposures. For each exposure, the opaque partition was raised for 5 min and lowered again, during which time a snapshot was taken of the arena every 20 s using a digital camera mounted overhead. The images were viewed on a computer screen and the angles of the fish relative to the Perspex partition were noted. We classified any fish orientated between 0 and 90°to be viewing the scene with the left eye and fish between 270 and 360°to be using the right eye (Sovrano et al. 1999) . Only fish within 10 cm (3-4 body lengths) of the partition were included in the analysis, a distance that is consistent with predator inspection behaviour (Magurran & Seghers 1994) . From the snapshot data we calculated the proportion of time that all fish within a group used their left eye to view each scene. A total of 36 replicate groups were tested.
Owing to the fact that we could not control the number of fish entering the viewing zone, the data were not distributed normally and had to be analysed by using non-parametric statistics. Thus, we combined the data for high and low predation areas from all four streams. Kruskal-Wallis tests were conducted to examine the effect of treatment (exposure to the blank novel object or cichlid) within each location (high or low predation). Comparisons between locations for each treatment were conducted using Mann-Whitney U-tests, as were deviations from the expectation of equal left and right-eye use.
RESULTS
Fish from high and low predation sites differed in their visual responses to the three treatment scenes. A significant effect of the three treatments was detected in the high predation fish (Kruskal-Wallis: d.f. = 2, H = 7.331, p = 0.0256), whereas no effect was evident in the low predation fish (d.f. = 2, H = 3.786, p = 0.1566). Fish from high predation sites viewed the blank scene more often using their left eye than low predation fish (MannWhitney U-test: U = 4, Z = 2.013, p = 0.0441). There was no difference in which eye was used to view the novel object (U = 5.5, Z = 1.625, p = 0.1042), and low predation fish used their left eye to view the predator more often than high predation fish (U = 54, Z = 2.006, p = 0.0449).
The proportion of time that fish from high predation regions relied on their left eye to view the novel object and the right eye to view the predator differed significantly Proc. R. Soc. Lond. B (Suppl.) from random (Mann-Whitney U-tests: U = 4, Z = 2.675, p = 0.0075; U = 52.5, Z = 2.702, p = 0.0069, respectively). The use of the left eye to view the blank scene did not differ from random. The low predation fish only showed a significant preferential use of the right eye to view the blank scene (U = 8, Z = 2.006, p = 0.0448). Generally, fish from high predation areas tended to use their left eye to view the control and novel object whereas they used their right eye to view the cichlid predator. The low predation showed the opposite trend (figure 1).
DISCUSSION
Fish that have experienced either high or low predation pressure differed in their preferential eye use to view objects behind a clear partition. This is the first documented case of population variation in lateralized behaviour in any animal and our results highlight the considerable importance of predation pressure on the development of lateralized behaviour patterns. Only fish from high predation regions showed significant responses to the three treatments (control, novel object and live predator). Fish from high predation areas viewed the live predator as a potential threat, invoking an emotive response causing them to assess the predator using the right eye. They showed no significant preference for either eye while viewing a control scene and a left-eye preference for viewing the novel object. The predator should not evoke such a response in predator-naive populations who ought to view them as novel objects (Brown & Warburton 1997) and consequently view them using the left eye. Contrary to our expectations, fish from low predation regions showed a significant preference for the right eye when viewing a blank scene; the reason for this remains unresolved. No significant preference for either eye was shown when viewing the novel object and the predator. Heuts (1999) suggested that differential exposure to predators owing to the occupation of varying habitats (benthic versus limnetic) might explain interspecific variation in lateralized escape responses in fish. Likewise, intraspecific variation in eye use has also been explained by shoaling versus non-shoaling habits (Rogers 1989; Bisazza et al. 2000) , which may also vary with predation pressure and other environmental variables (Brown & Warburton 1997) . Our results strongly suggest that variation in predation pressure plays a key role in the evolution of lateralized behaviour in fish. In shoaling species, individuals must be able to simultaneously monitor both predators and shoal mates. Such responses are unlikely to evolve in populations that have had no contact with predators. Furthermore, predators are unlikely to result in an emotive response in these predator naive populations. Lateralization may enable animals to concentrate on two tasks simultaneously such as foraging and predator vigilance (Rogers et al. 2004) . If lateralization initially evolved to cope with different information coming from each eye, resulting in left and right hemisphere specialization of information processing and a reduction of the potential negative effects of divided attention (Griffiths et al. 2004 ), then variation in the level of exposure to predators may have affected the degree of specialization in the two brain hemispheres. Future studies using a detour test may help clarify this point further. 
